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Thermodynamical properties 

Figure S1 (a-c) estimates the fundamental thermodynamical properties, including density ρ, 

reduced thermal expansion coefficient 𝛼!∗ = 𝑇𝛼! and dimensionless isothermal compressibility 

𝜅#∗ = 𝜌𝑘$𝑇𝜅# over a wide range of temperature T for cross-linked polymer/additive mixtures with 

a wide range of additive bead size. The introduction of additives leads to an increase in ρ and a 

reasonable decrease in 𝛼!∗  and 𝜅#∗ . The difference in ρ between pure polymer and 

polymer/additive mixtures progressively increases with the bead size of additives decreasing, 

while the polymer/additive mixtures with smaller bead size exhibit a similar 𝛼!∗  and 𝜅#∗  with 

pure polymer. In addition, compared to ρ and 𝛼!∗ , 𝜅#∗  had a relatively weak dependence on the 

additive size.  

The static structure factor Sa(q) of additives in the polymer/additive mixtures at T = 1.0 ε /kB 

is also shown in Figure S1d. The additive size has a remarkable influence on the structure of 

additives in terms of local density variations.1 At small wavenumbers (q closes to 0), a tremendous 

increase is observed with the decreasing bead size, similar with the static structure factor curve of 

small particles observed in binary mixtures, which was related to phase separation.2 With the 

wavenumber increasing (q > 3), the peak position at which Sa(q) reaches its first peak varies non-

monotonically with the additive size, where the mixtures with additive aggregation (system σa =0.3 

σ) exhibited the smallest wavenumber at the first peak. Similarly, the time-resolved light scattering 

and X-ray scattering experiments both indicated that the peak scattering vector shifted to lower 

value and the scattering intensity increased continuously from the beginning of phase separation.3–
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Figure S1. The thermodynamical properties for pure polymer and polymer/additive mixtures with 
varying additive size σa. (a) Number density ρ. (b) Reduced thermal expansion coefficient αp*. (c) 
Reduced isothermal compressibility κT*. (d) Static structure factor Sa(q) of the part of additives in 
polymer/additive mixtures at T = 1.0 ε /kB. 

 

The effect of cross-link density 

The additive aggregation phenomenon for cross-linked polymer/additive mixtures with lower 

cross-link density is estimated to investigate the mutual influences between cross-linking dynamics 

and aggregation of small additives. As shown in the inset of Figure S2a, the static structure factor 

of the whole mixture systems, Sm(q), at the limit of q close to 0 decreases with the decrease of 

cross-link density, indicating a slightly weaker additive aggregation. In contrast, the Sm(q) at larger 

q is independent of cross-link density, manifested by the collapsed curves at q larger than 2.5 

(Figure S2a). The effects of cross-link density on the relaxation time and shear modulus for cross-



linked polymer/mixtures with variable additive size were also shown in Figure S2b and S2c. 

Increasing the cross-link density of cross-linked polymer leads to an increase in the relaxation time 

and shear modulus, consistent well with that observed in pure cross-linked polymers6,7 and cross-

linked polymer/additive mixtures.8 In addition, the relaxation time and shear modulus both exhibit 

non-monotonic trends with the additive size for cross-linked polymers with variable cross-link 

density. 

 
Figure S2. The effect of cross-link density. (a) The static structure factor Sm(q) of polymer/additive 
mixtures with additive bead size σa = 0.3 σ at T = 1.0 ε /kB for cross-linked polymer with varying 
variable cross-link density, c. The inset descripts the Sm(q) at the limit of q close to 0. (b) The 
structural relaxation time τα as a function of additive bead size σa for polymer/additive mixtures 
(open symbols) and partial τα of polymer (solid symbols) in polymer/additive mixtures. (c) The 
shear modulus G as a function of σa for polymer/additive mixtures. 

 



The definition of Debye-Waller factor <u2> 

For the glass-forming polymer materials, Debye-Waller factor <u2> measures the rattling 

amplitude in the cage regime at the picosecond time scale,9–11 which corresponds to the plateau in 

the mean-square displacement (MSD) versus time curves.12 The mean-square displacement (MSD) 

of atoms is calculated according to the time evolution of atom coordinates, 

                                                  (S.1) 

where rj is the position of monomer j, N is the total number of atoms in the system, and angled 

bracket indicates an ensemble average. Figure S3 shows the MSD curves at T = 0.5 ε /kB for cross-

linked polymer/additive mixtures with variable additive size. At short time, the MSD curve 

exhibits a profound increase with time corresponding to ballistic motion. With time increasing, the 

increasing trend of MSD curves gets slower and MSD curves gradually reach a plateau marking 

the cage regime. Based on the MSD curves, Debye-Waller factor <u2> is defined as MSD at t = 1 

τLJ for cross-linked polymer/additive mixtures and pure polymer melt. 

 
Figure S3. The MSD versus time curves for cross-linked polymer/additive mixtures with variable 
additive bead size and pure cross-linked polymer at T = 0.5 ε /kB. 

 

The polymer-additive interfacial interaction 
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The interfacial interaction between additives and cross-linked polymer is summarized in 

Figure S4. With additive segmental size decreasing, the additive-polymer interaction strength 

decreases progressively. When the additive size decreased to 0.3 σ, the additive-polymer 

interaction strength is too weak and leads to occurrence of additive aggregation. And thus, the 

additive mobility (i.e., Debye-Waller factor) and shear modulus decreased significantly for 

mixtures with additive aggregation.  

 
Figure S4. The interaction strength between cross-linked polymer and additives as a function of 
additive size. 
 

The determination of bulk modulus 

Figure S5a shows the bulk modulus B over a wide range of temperature T for 

polymer/additive mixtures with varying additive bead size, which is estimated from the reciprocal 

of isothermal compressibility of mixtures. The addition of additives with a wide range of bead size 

could improve the bulk modulus obviously. And the bulk modulus is dependent weakly on the 

additive bead size when the bead size of additives is larger than 0.4 σ, while it exhibits a sudden 

decrease when the additive aggregation occured. The overall variation trend in bulk modulus 

shows great aggrement with that observed in shear modulus. Similarly, numerous experiments 



have demonstrated that the phase separation would reduce the modulus and strength with various 

degrees of epoxy/additive blends.13–16 

 
Figure S5. (a) The bulk moduli B as a function of temperature T for polymer/additive mixtures 
with varying additives size σa. (b) B as a function of Debye-Waller factor <u2>. The dashed lines 
indicate the fitting results above glass transition temperature Tg with the function form 𝐵 =

1/*𝜅#%	×	(〈𝑢'〉/〈𝑢('〉))/' + 𝜅#+2 , where ( 𝜅#%/〈𝑢('〉)/' , 𝜅#+ ) are fitting parameters. The fitting 

parameters (𝜅#%/〈𝑢('〉)/', 𝜅#+) are (0.276, 0.023), and the coefficient of determination R2 of fitting 
curves is 0.945. 
 

Figure S5b further examines the scaling law between bulk moduli B and Debye-Waller factor 

<u2> for polymer/additive mixtures with varying additive bead size. An empirical function 

proposed by Douglas and Xu17 for the scaling relationship between isothermal compressibility and 

Debye-Waller factor, κT	-	κT1 	=	κT0 	×	(〈u2〉/uA2 )3/2, was used here, which has successfully described 

the scaling relationship for linear polymer melts with variable chain stiffness and pressure. The 

fitting curves (dashed line) is shown in Figure S5b, which demonstrates that the empirical function 

could describe the scaling relationship between B and <u2> reasonably for pure polymer and its 

mixtures with a wide range of additive size, as observed in pure cross-linked polymers with varying 

cross-link density, cohesive interaction strength and chain stiffness.6,7,18 It is notable that the 



additive aggregation would not affect the scaling law between bulk modulus and Debye-Waller 

factor, consistent with that observed in the shear modulus. Most recently, this type of scaling 

expression was also confirmed in an atomistic model of polyethylene and functionalized 

polyethylene with varying number of functional groups.19 
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